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Fig. 3 a. Sequence or the LFA-3 cDNA. The sites of potential 
N- linked glycosylation are denoted by the symbol -CHO-; the 
hydrophobic carbotyl terminus is underscored. 6. Hydropathicity 
pro61e of the ammo-acid sequence in a. 
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Fig 4 a. Optimal al ignment of the extrac el l u lar poroocs of LFA-3 
• ana CD2 by the ALIGN program of the Protein Identification 
Resource (NBRF) (ref.25). Conserved residues are displayed 
beneath the aligned sequences; asterisks were displayed if the 
residues were closely related. Epitope regions of CD2 kJcntified 
elsewhere 2 * are shown onderlined. a. Superposition of the hydro- 
pathicity plots of LFA-3 and CD2. The ammo-terminal sequences 
of both proteins were compared through the carboxy-tetmuta! 
hydrophobic sequences. SoGd bars denote the antigenic regions 
identified m CD2. 



LFA-3 and CD2 using the ALIGN program of the NBRF 
sequence comparison package gave optimal alignment of the 
extracellular domains, as shown in Fig- 4. Monte Carlo simula- 
tion of the alignment of 500 randomly permuted variants of the 
two sequences gave a mean score 52 sjL lower than the align- 
ment score computed for LFA-3 and CDZ, which corresponds 
to a probability of ~10~' for spontaneous occurrence of an 
equally good or better match between two proteins of identical 
composition 25 . As the homology extends throughout the external 
domain of the two molecules, the proteins could be distantly 
related. An alternative explanation, that convergent selective 
pressures have shaped essentially similar molecules from dis- 
similar archetypes, requires that multiple structural features of 
the two molecules be selected. Alignment of the hydropathicity 



profiles (Fig. 4) shows that, desphe substantial dtvcrgcoc*^te^ 
two proteins have strikingly similar gross organization.^ r 
cedent for the hypothetical ancestral progenitor may bc^oSKa^ 
in the homotypic neural cell adhesion molecule NCAM/vi^' 
adopts both phosphatidvlioositoMinked and conventional : 
transmembrane forms 2 *-". Moreover, CD2 is significantly 
homologous to two NCAM segments of -200 residues which 
span domains II and III, and IV and V(rcf. 7 and A F. WUliaou, 
personal communication). Thus the heterotypic lymphoid and* 
homotypic neural cell adhesion reactions could share a common 
evolutionary origin. . 

I thank Jen Sheen for assistance with the in vitro transcription 
and translation, Steven Herrmann for phosphotipase C, Iv^n 
Stamenkovic for the B-cell filter and B-cell and germ line DNA, 
Alan Williams for discussion and communication of : the 
NCAM/CD2 homology, Steven Burakoff for TS2/9 antibody 
and encouragement, Thomas Hunig for the Tl ITS sequence, 
and David Simmons, Andrew Peterson, the referees, and mem- 
bers of the group for criticism. This work was supported by a 
grant from Hocchst AG. - ; 

Note added in proof: A cDNA encoding a transmembrane form 
of LFA-3 has recently been isolated (B. Wallner et al /. exp. 
Med^ in the press). £ ^ j 
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The fccmaa T cell errthrocyte receptor (CD2 aatigea) 
thymocrtes $mi manire T cells to adhere to tayaric epMufiotfj 
target cells tmroagb a cell serf ace protein* LFA-3 (red 
Mo4*odo«al aadhodica rrrogahiag CD1 can either block i 
at, la certaia enmbuftarioaa, uUace an aadgea-^ad epea d en t ' 
actrranoa 7 - 4 . We aavc Ueadfied the binding sites for 
donal aatfbodies against CD2 by a rapid aad geaeralrjr ap 
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protein^."!!* mou« lequence is • h °™^ U £ ]e Uf j e p., mdi- 
only .here il diflerf from the hunun "222!^ tais above 

cates the extent of the ""^"^^ jTuS glycosylate 
the ammo-aeid «q««ce «^«g^iT^niw *cs in 
she* in the mouse lequence; Awe be '^™ ,C V£ , long U* lea 
the human sequence. The «ub*'« J » *™„dVc.?e* either 

»mino acids of CD2 (the extract J™"""?^ |hc hydrop adiicity 
of the three epitopic regions, c S«P^' u ° n OI ™ ^ human 
profiles of the first 15 residues of ^ «J 
UnmonoglobuUa « variable region, Vh (V-HIT ireLJW 
hyp«rv*uble sequence, are shown *K the Jrofile. 

andCD2 ligand binding *J , '***? N of P j. 7i . d . 

Alignment of the domains shown gives » £«™ s ™ 0 - for spon - 
above the mean, corresponding to a probability of w p» 

tides, each overlapping its predecessor by tlwebases. 

COS cells. « h post-fusion the ^cete were^r ^ 

(GIBCO). After complement lysa ^**«*f goa t anli- 

wuh me posWve selection antibody. w ^"X*^ ceUs Bering 
mouse immunoglobulin coated <^"^J^ N ^ Sor 
«o me dish were lysed and the «^^ v p ^ d ^^nrfection 
„ed„tto E«A M^^^h 2^ o« ^l^ONA from a 
of COS cdls in « " ^^L^^ «SeS <°< Ending of 

, S^n^^cT^^efSmes^ 
of a single oligooudcoadc- 

•Aedoa Mod to the Erst regie*; antibodies Hut fc ^* d *f BO " 
STTi7s«ood r«k>«7«4 "tikodies that P«tWpate «« 

^totwore^^^totWO^A^enc^ 
Good amcmeat «s observed between -""^^f^tS 

^o^-^S the effect f 
- as that MrtfciBate ta LfA-3 kiaaiaf t » ms *?'J° 
"iJSobS^SSie regio. hypervariabie s«p~c« wbe. the 

COS CIS were traced 
wu* aV»ol of muugenized plasmids, cultured for *8hour^ 
^^dtuSllytrcaL with 
annbodv rabbit anti-mouse immunoglobulin anuoooy, »n« 
"n^enTilecause spontaneous deletion mu^« ame 
Sqienrjy in COS cells'*", a positive selection *<*J* 
induded;the cells spared by complement treatment were^ed 
with antibody recogniiing a distinct CD2 n"W^"J™!ta 
to adhere to dishes coated with goat ana-mouse 'n^"°^ulm 
antibody" Plasmid DNA recovered from the adherent cells 
^nsfonr^nio EvHcricHia co,L amplified, and reintro- 
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duced into COS cells for further rounds «/PP^* l ^j^ 
~~j; f nroccss DNA from individual bacterial 

^cs^taXteTmTcOS cdls which were scored 

« snoSSta wJ?L Tbc results of the mutant sekcaons «« 

-^Ttu^^are"^ ^ fc W ,,Lg2 B ?K 
rcSuWSiSnt residue convention, so that Lys^BAsn^or 
Sample, means that thelysLne at P^o^^^^J 
with an asparagine- 114 Primary mntantt were 

coUectionbf 47 different amino-acid sewiejice «™«^^ 
^onSSin mree dtscrete rt^^«^-^^J 
?££ and contains mutations for the antibodies (9AJ^0. 

10 anil MTV10; group I ^^V^i^^ 
nAb 9-1, can induce IL-2 synthem in T edb (E JJ" ' •»« 
aT unpublished observations and ref . W)^Anbut one (9« 
c? ie other antibodies giving ^^1^^^ 
reported to induce IL-2 receptors but not ^ m co^raaou 
SS mAb 9-1 (ref. 14). ?*^^£Z2£\ SS 
of the antibodies recognizing region 2 nave urne 



X 



0, 



< > 



^^^-^ffitTERSTO NATURE 



•j «i m »j 44 •» a *9 ilMiJVttil w 




>5 



AM CU 

AM . fxm 



1.4 

♦ 4 

»".4 

♦ .4 
».* 

JS.I 

mio 
vnio 

■TWO 

*»-»-•* 

♦-2 

mo 
?t:o 
mo 
mo 
mo 
~t:« 



n.i 
n.i 
ivi 
u.i 
n.i 

All u 
•II 14 
All u 
All u 

All 14 
•11 14 
• II 14 
All 14 
All 14 
•It 14 
All 14 
All 14 
A ll 14 

-jyn — 



If? 

142 
I4« 
IK 

I* 



IH 

m 

141 



n *j ♦* n h w iotf Io£>k3^ 



i? u n w i 

l# if «1 Stf I UTirvAMtort#*C IrLrsAMVs 1 U«6 Utjrt 



tt« 



CU 

m 



iu 



Al« 




141 



CU 
Asm 



IU 

•ll 

CU 
Ar C 

Uv 



ArcUv 
IU 

Ar« 

S*t 

CU 



CUVftl 
CU 



IU 

LM 

IU 



Ar« 



Arf 



A.4 
*\4 
V4 
V4 
*.* 
A. A 
4.4 

*-j 

A-2 

A- 2 
A 2 

»-2 

v; 
I-: 

*w 

.110 

mo 

rtto 

?ii*» 
mo 
».i 



».i 
n.i 
n.i 
n.i 
n.i 
»-i 
is. I 

n.i 
n.i 

23.1 

n.i 
».i 
n.i 
n.i 

15.1 

n.i 
n.i 
n.i 
n.i 
n.i 
n.i 

35.1 

n.i 
n.i 
n.i 
n.i 

' •Own 



140 
154 

14' 

154 
140 



174 
140 



1*4 

It* 



141 
IU 



in 

iu 



W* 



Tii/n4-4tj^; 

Tll/JTAj-tM N 



CU Lyt Ur 



nu: 

TlI/tT4-4»>;> 
TU/W4-t»3 AS 

Tll/JTW 

CU.Ttl/1 . 



CU 
CU 



CU 
V*l 



S«r 
v«l Wr 
lit 



CU-TU/t 
CtA-Tlt/l 
CLA-T1L/1 
OA-Tll/I 
CU-Tll/l 

mil 

m» 

mil 

tn/i.t.i 

m/t.i.i 

ni/t.i.i 




•11 14 -.*i< : r.-7r\ V 

All 14 

All 14$3 

•11 l*i-V--*-^, 




Rg. 2 a. The mutant collection defining epitope region 1. C02 residues 42-57 are shown above the amino-acid substitution encoded Breach* • 
mutant The first column on the right shows the antibody used for negative selection, the second column shows the positive selection at£bodtf s£ v 
•All 16" indicates that all 16 monodonats in Table I were combined and used for the positive-selection step. *7 others* mdkai« ite "the ?. 



antibodies recognizing region I were combined and used for the positive-selection step. The third column shows the cfyihfpc^.ro^nj^ 
phenotype of the mutant: + wild type, +/ - partial rosetting. - no detectable resetting (see Fig. 3). A blank denotes a variant ^o^rf^HT^*^, 
in the table. * These mutants rosctted much more poorly than the others scored as +/-- The column on the far right shows the mean 
intensity MFI measured by flow cytometry of COS cells expressing the muunt CD2*. 6, The mutant collection defining epitope « 
residues 86-101 are shown above, the mutant substitutions. Other notations are as in & ^ .... 

Methods. Cells stained by indirect immunofluorescence were judged to express antigen if *3% of the transfected population bid 
>40. Only 0.1% of mock-uansfected cells had an MFI * 40, and the mean MR of the remainder was -* C9S «""<fr<***< «^ 
CD2 gave MFI values of 179 for mAb Nu-Ter (used for region 1 mutants) and 239 for mAb 33.1 (u sed for region 2 muttn^tjja,^. 
listed directly under the primary sequence were from a pool of plasmids mutagemzed by oligonucleotides spanning the extnoHltfiarai 
The mutants listed under the bar were obtained using plasmids mutagenized by oligonucleotides encoding the spaa oTthc *^ 



LFA-3 was measured by a qualiutivc erthyrocytc rosette assay. 
Three phenotypes were scored: wild-type, partial, and non- 
rosctting, as illustrated in Fig. 3 and summarized in Fig. 2. Many 
of die mutations leading to changes in regions I and 2 dramati- 
cally reduced rosetting. To examine this further, a few mutants 
were created by specific oligonucleotide mutagenesis. Substitu- 
tion of asparaginc or alanine for lysine at each of positions 46, 
47. and 43 demonstrated a striking correlation between the 
binding of antibody mAb 9.6 and erythrocyte adhesion; 
Ly$46Asn/Ala showed a modest effect on both Mab 9.6 and 
ertbrocyte binding, Lys47Asn/Ala had no effect on either, and 
Lys4SAsn/Ala completely abolished both fFig. 36). Similarly, 
residue 51 was important for both erthrocyte and 9.6 binding, 
whereas residue 52 had only a weak effect on each. 

Using different antibodies and mutants, we have also shown 
that Lys48 is important in the interaction of CD2 with group I 
antibodies and with LFA-3 (Figs I, 2 and 3). For example, the 
muunt Lys48Glu is unreactivc with alt the group I antibodies, 
and none of the molecules substituted at Lys48 has any detect- 
able rosetting activity. The behaviour of molecules with substitu- 
tions at Lys48 supports the idea that group I antibodies mimic 
the effect of LFA-3 binding in provoking T cell proliferation. 

Although some residues can directly determine antibody reac- 



tivity, others of secondary importance for 
be identified, because they are frequendy a 
with other changes. For example, a Lys46A» 
frequendy found in mutants which dp not band 
by itself it has little effect on antibody ~ " 
phenomenon may be present in the repeated 
51, 52 double mutants (Fig. 2). 

Amino-acid substitutions could lead to 
LFA-3 binding either by elimination of a 
by causing a local denaturation. Some patter 
binding or rosetting argue against this tatter 
example, all the molecules substituted at Ly*42| 
35.1, which is sensitive to changes at tle49, 
mAb 9.6 or LFA-3 can bind the GinflLeu 
recognized by antibodies 7E10 and 9-2. A Gltt5lAi*- 
unreactivc with 7E10 and 9-2, but rosettes 
same way as the wild type. In the second 
Tyr9t Asp causes loss of rosetting, but antibody Nt**| 
b unaffected, even though many substhittiods; a*f 
eliminate Nu-Ter reactivity. ^ 

However, a G I nil Pro substitution may induce a local 
ation, since proline residues restrict alpha helix 
none of the antibodies recognizing the first region 





b Erythrocyte resetting 

♦/-♦ - - - ♦/- 

Ser Asp Lys Lys Lys lie Ala Cln Phe Arg Lys 
♦/-♦-♦ - ;/. 

Antibody 9.6 binding 

Fig. 3 n. Adhesion of human erthrocytes to transfected COS cells. The left photograph shows wild-type rosettes, the centre shows partial 
rosettes and the right photograph no rosettes. Wild-type rosettes completely obscure the transfected COS cells, and are macroscopically visible. 
Partial rosettes are microscopically visible and leave some transfected COS cells exposed. Absence of resetting was scored if the mutant was 
indistinguisable from a negative control (CDS expressing COS cells), that is. no rosettes were found after careful scanning of the plate. 6, 
sensitivity of erythrocyte resetting and 9.6 binding to changes at specific arnino-acid positions. + indicates that resetting or binding is retained 
upon substitution at that position. +/- indicates that substitution has some effect, namely a partial resetting phenotype or minimal effect on 
antibody binding. - indicates that resetting or antibody binding is eliminated by a single amino-acid substitution at that position. 



GlnilPro. raAbs 35.1 and T11/3PT2H9 gave GlnSiPro exclus- 
ively when all 16 antibodies were used for positive selection. 
Because frequent isolation of Gln51Pro was observed with other 
mAbs, many of the mutants in the first cpitopic region (Figs 1 
and 2) were isolated using mAb 35.1 as the only positive selection 
antibody. 

To isolate a 35.1* mutant other than Gln5lPro, only the 
antibodies failing to bind to this variant were used for positive 
selection. Three cycles of enrichment gave a single 35.1" 
flc49Gliymuiant altered in ail three bases of the original codon. 
This unusual mutation suggests that the affinity of 35.1 antibody 

Table 1 Astiboocs , 



Antibody 

7E10 

MT9I0 

NOTCH) 

35.1 - 
T11/3PT2H9 
T11/3T4-SB5 
9-2 

Ma-Ter 
CLB-Tll/t 
. 39B2! 
TS1/8.I.I 
F92-3AII 
9-1 

OCH217 



Isocype 
IfC* 

l«G, 
ISO, 
? 

ItG* 

l«C* 
IgM 
IgG t 
IfG, 

itot 

«gG, 
l*G. 
IgG, 
IgM 



A partial panel of anti-CD2 monodoaal antibodies was obtained. 
The first four antibodies (9.6. 7EI0. MT910, MTIIO) can each induce 
1L-2 release from T cells expressing CD2 in the presence of antibody 
9-1. A more complete functional analysts of the antibodies can be found 
in ref 14. 

• Antibody 39B21 is a rat monoclonal and all others arc mouse 
antibodies. 



derives from multiple conformational features of CD2, so that 
substitution for a single feature only rarely greatly decreases 
affinity. The Gl nil Pro mutation may eliminate several of these 
interactions by gross alteration of the local secondary structure. 
Because the affinjty^pf |be 35.1 antibody is comparable to that 
of antibody 9.6 f ref. 16), the unusual mutational pattern of this 
antibody probably arises from a different type of binding and 
not simply from a stronger interaction. 

Only One mutant way fonnfLwith thr tw q ^ antthrwli^ rwcngwtTr- 

ing region 3, a Tyrl40Asn and GlnHlHis double substitution. 
Both of these antibodies, however, react only weakly with the 
CD2 molecule expressed on COS cells, which compares with 
their weak reactivity with CD2 on unactivated T cells 14 . Previous 
activation of T cells or incubation with a group I antibody is 
necessary to make the 9-1 epitope available . The rapid acquisi- 
tion of mAb 9-1 reactivity suggests that it is caused by a confor- 
mational change in the molecule and not by de novo synthesis 
of a different species 17 . 

To further study the interaction of antibodies with each of 
the two major antibody-biiKfirig regions* a large number of 
mutants were isolated using aCD2 preparation mutagenized by 
only ooe or a few oligonucleotides ( Fig. 2; see also Fig- 1 legend). 
Mutants were obtained from such plasmid pools at a frequency 
of 75-100% after a single round of selection. This allowed a 
large number of amino-acid variants to be quickly isolated. In 
the first epitope region the antibodies 7E10, 9-2 arid 9.6 were 
chosen Tor intensive study because they appear to contact many 
of the same amino-acid residues (Figs 1 and 2). Two of the 
antibodies can function, together with mAb 9-1, in T cell activa- 
tion but the third (9-2) cannot 14 . Each antibody gave rise to a 
slightly different range of mutations (Fig. 2): the 9*2~ mutations 
span only 5 residues compared to 8 for the 7E10~ mutations 
and 10 for the 9.6" mutations, 9-2 is the only IgM antibody 
which recognizes region I, and its inability to activate could be 
due to a decreased affinity, or to sterie interference with 9-1. A 
targe number of mutants were similarly isolated in the second 
cpitopic region (Fig. 2). 



"Available CopHP^ 01 ^™* " 
t^P- ..icdiatcs both cell-cell AflChon 



> , It has been propose** that ...v^.-.v- VVII . V ^, 

adhesion and antigen-independent aaivaiion reactions. The for- 
mer function is well-established 2 - 1 -", but the case for the latter 
still rests on the unique properties or antibodies such as 9-1 in 
triggering proliferation in the presence of either group I anti- 
bodies • or sheep erthrocytes" ,l . The first epitope region we 
have identified is probably important in both the adhesion and 
activation functions of CD2. Binding of the first region by 
antibodies allows CD2 to respond to subsequent binding of 
antibody 9-1 and we predict that LFA-3 binding to CD2 would 
allow comparable response to 9-1. If so, the adhesion and 
activation mediated by CD2 are intimately related and not 
distinct functions. 

Because 9- 1 docs not block erythrocyte resetting, and because 
a CD2 varum which does not react with mAb 9-1 still binds 
erythrocytes, u is unlikely that LFA-3 binding alone can cause 
activation; further analysis of the region recognized by 9-1 
antibodies is necessary for insight into the activation mechanism. 

Recently the case for inclusion of CD2 in the immunoglobulin 
superfamily^ has been strengthened by discovery of highly 
significant homologies between CD2 and non-imraunoglobulin 
members of the family 21 . Alignment of the N-terminal 115 
residues of CD2 with immunoglobulin * variable sequences 
shows that the CD2 regions 1 and 2 correspond to the locations 
of light chain hypervariable (antibody-combining site) regions 
2 and 3 (Fig. 1). This suggests that CD2 ligand-bindiog sites 
are phylogenetically related to variable region-combining sites, 
and supports the idea that adhesion interactions between mem- 
bers of the immunoglobulin superfamily can mimic antibodv- 
antigen interaction. 
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The naaoer ia which a membraoe protein b imcJwT^^ 
bilayer may have a profoond Influence on Ifc f iuku 
surface membrane proteins are anchored by a membr 
segment's) of the polypeptide chain, bat aaocber%c W ^ 
has beea described for several proteins: a phosphatidyl fnof? 
glycaa moiet), attached to the protein C terminal ^ftW^- 
linkae* kas been identified on membrane proteh»SS^| 
adhesion and transmembrane signalling 43 and amid 
in the execution of these functions. We report tew ip 3 ^ 
immnaologlcaily important adhesion glycoprotein; 4rm n 
function-assodateo- antigen 3 (LFA-3), can be tod^ 
membrane by both types of mechanism, These two distina 
surface forms of LFA-3 are derived from different 
precursors. The existence of a phospha(id)i-bo«itb1^^ i 
transmembrane anchored form of LFA-3 has bnporUeiW 
ttons for adhesion and transmembrane signalling fc^ • 
LFA-3 is a cell-surface glycoprotein found on e 
epithelial cells, endothelial cells, fibroblasts ant) ji 
haematopoietic origin 4 . LFA-3 interacts with the ^ 
CD2 membrane glycoprotein, and this ligand-f 
mediates intercellular adhesion between L**-3 + ecus 
mocytes, natural killer cells, cytolytic T rymptean^ 
mature T lymphocytes 4 - 1 \ Cell surface I -^i*TS2 



ttgnals"^ 



^sastent with the ability u f l^liwly ; wmbinatJ ok'o 
monoclonal antibody (MAb) to activate CD2* 
we have found that LFA-3 is deficient in affeete 
in patients with paroxysmal nocturnal haemogloi 
(ref. 14), an acquired disorder affecting pbosf * 
(PIMinked proteins 15 . This suggests that I 
the surface of human erythrocytes by a Pi 

We first obtained evidence for distinct 
studying its biosynthesis in the JY B ly 
Labelling 0 f JY cells for one minute 
followed by a five minute chase and isolation' 
Sepharose, revealed two distinct LFA-3 
molecular mass (M r ) of 41,000 (41 K) ak«. „< 
I a, lane 2 arro ws I Chase for 10 and 20 ininutex 
decrease tn size of the precursors to 39K and 
3 and 4). which is probably doe to 
tnannose residues from htgh-mannose W . H 
was no apparent intcrconversion of the 
during biosynthesis at 24 *C After chase 1 w ~~ 
precursors were converted to the mature fonifrl 
migrated as a broad band of mean size 65K 
and 5) and corresponded to the form surfi r " 
(ref. 6). 

Ehdoglycostdase H (Endo H) treatment of 
LFA-3 precursors resulted in two bands 
intensity of 29K (p29) and 25JK (p2SJ) 
lanes I and 2), buc had no effect on 
lanes 5 and 6). Therefore each LFA-3 y*** 
of high mannose jV -linked oligosaccharides 
to endo H- resistant complex N -linked o 
glycoprotein maturation. N-gJycanasc trc^, 
the precursor and mature forms of LFA-3 to I 



